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Iodine intercalates of InSe and GaSe layered single crystals have
been obtained. Excitonic transmission spectra are studied for in-
sertion compounds 〈I〉GaSe and 〈I〉InSe at a temperature of 77 K.
In the course of iodine absorption, the energy position of the ex-
citonic maximum is found to shift and the half-width of the ex-
citonic band to vary. For 〈I〉GaSe, both changes are found to be
nonmonotonous. The frequency dependences of the impedance
have been measured for 〈I〉GaSe intercalates, and the correspond-
ing equivalent circuit has been proposed. An isotype heterojunc-
tion on the basis of 〈I〉GaSe is fabricated, and its current–voltage
and capacitance–voltage characteristics, as well as the spectral de-
pendences of the quantum efficiency of a phototransducer, are mea-
sured.

1. Introduction

Layered crystals of the type A3B6, typical representa-
tives of which are gallium and indium monoselenides, be-
come a matter of close attention of scientists, since they
are substances promising for use in many branches. The
presence of the weak van der Waals coupling between
layers makes it possible to produce various intercalation
compounds on the basis of GaSe and InSe. Moreover,
atoms, ions, or molecules can be introduced in this case,
depending on the selected method for intercalating the
initial matrix of layered crystal [1–6]. In work [7], results
were reported concerning the capability of electrochem-
ical intercalation of GaSe and InSe layered crystals with
an electronegative element, iodine, and the determina-
tion of changes in electrochemical, electrokinetic, and
optical properties of initial crystalline matrices owing to
the introduction of the given intercalant. It is of interest
to study the process of iodine vapor influence (sorption)
in a closed volume on GaSe and InSe properties, which
can be of both academic interest and practical applica-
tions, in particular, semiconducting materials with pre-
scribed properties and electrodes for secondary power
sources [8].

2. Experimental Technique

GaSe and InSe specimens were grown up using the Bridg-
man method. The sorption of iodine molecules by GaSe
and InSe single crystals (10 × 5 × 2 mm3 in dimension)
was carried out in a closed glass (quartz) vessel. Here,
crystalline iodine and GaSe (InSe) crystals were kept at
room temperature, which enabled iodine atoms to be in-
troduced into the single-crystalline matrix owing to the
action of the iodine vapor pressure. The process was con-
tinued for 1–6 weeks in the GaSe case and for 1–3 weeks
in the InSe case. The transmission spectra of GaSe and
InSe specimens intercalated with iodine were studied.

We also studied the ac properties of 〈I〉GaSe and an-
alyzed a possibility to create rectifying structures on its
basis. The transmission spectra of crystals were mea-
sured on a spectrometer installation developed on the
basis of a modified IKS-31 spectrometer. The light prop-
agation direction was perpendicular to the base plane of
the crystal. The device resolution in the spectral interval
2.095−2.14 meV was 0.6−1.2 meV (diffraction gratings
with 1200 and 600 line/mm, respectively, were used).

The usage of a UTRECS-RTR cryostat system gave
us an opportunity to study the transmission spectra at
a temperature of 77 K. The specimen temperature was
monitored with the help of a TPK-1.1 germanium resis-
tance thermometer; the corresponding accuracy of spec-
imen temperature stabilization was 0.5 K.

We have studied the dependence of the spectral po-
sition and the half-width of the excitonic maximum
in the 〈I〉GaSe and 〈I〉InSe compounds on the iodine
sorption duration at 77 K. For 〈I〉GaSe, we studied
the temperature dependences of current-voltage char-
acteristics (IVCs) in the range 243 − 290 K and the
capacity-voltage characteristics (CVCs) at frequencies
of 100, 250, and 500 kHz. The impedance properties
of 〈I〉GaSe specimens were measured before and after
their intercalation in iodine vapors, in the frequency
range 10−1 ÷ 104 Hz, at room temperature, and us-
ing the impedance spectroscopy method. Measurements
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Fig. 1. Dependences of the excitonic maximum energy position
shift ΔEex (1 ) and the excitonic band half-width ΔH (2 ) on the
intercalation time for 〈I〉GaSe compound at T=77 K

were carried out on a combined installation composed
of Solartron 1255 FRA and Solartron 1286 modules.
The amplitude of a sinusoidal signal was 300 mV. The
frequency dependence of the complex impedance was
analyzed using the grapho-analytical method with the
help of the Zview 3.1 software package (Scribner Asso-
ciates).

3. Results and Their Discussion

3.1. Exciton transmission spectra of 〈I〉GaSe
and 〈I〉InSe

The dependences of the energy position shift of the exci-
ton maximum (ΔEex) and the exciton band half-width
increase (ΔH) for iodine intercalant 〈I〉GaSe on the in-
tercalation time t are characterized by a nonmonotonous
behavior at nitrogen temperature (Fig. 1). When GaSe
specimens were held in iodine vapors, those parameters
grew first (ΔEex = 3.2 meV and ΔH = 1.2 meV at
t = 2 weeks, and ΔEex = 5.8 meV and ΔH = 1.5 meV
at t = 4 weeks). Then the reverse changes were observed
(ΔEex = 2.9 meV and ΔH = 0.6 meV at t = 6 weeks).
In Fig. 2, the optical density spectra − lg(I/I0) versus
hν measured at T = 77 K for initial GaSe crystal and
GaSe crystal subjected to the iodine sorption for four
weeks are depicted.

The presented results evidence a shift of the energy
position of the exciton maximum toward high energies–
from 2.099 eV for initial GaSe to 2.1048 eV for 〈I〉GaSe–
and a growth of the exciton absorption band half-width

Fig. 2. Optical density spectra of initial GaSe (1 ) and 〈I〉GaSe
intercalated for 4 weeks (2 ) at T=77 K

Fig. 3. The same as in Fig. 1, but after holding the intercalated
specimen for 21 days in air

ΔH–from 3.6 meV for GaSe to 5.1 meV for 〈I〉GaSe (t =
4 weeks).

In Fig. 3, the nonmonotonous dependences ΔEex(t)
and ΔH(t) measured at 77 K for 〈I〉GaSe specimens
held for 21 days in air after the intercalation are ex-
hibited (ΔEex = 2.9 meV and ΔH = 1.2 meV at
t = 2 weeks, ΔEex = 4.1 meV and ΔH = 1.4 meV at
t = 4 weeks, and ΔEex = 2.6 meV and ΔH = 0.65 meV
at t = 6 weeks). The data obtained allowed us to make
a conclusion that 〈I〉GaSe specimens, being kept for 21
days in air at room temperature after the intercalation,
reduced their parameters ΔEex and ΔH, approaching
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Fig. 4. Frequency dependences of the real, Z′, and imaginary,
Z′′, components of the complex impedance Z∗ of specimens in the
Nyquist coordinates

the “pure” GaSe state. The results of experimental mea-
surements of the transmission spectra − lg(I/I0) versus
hν for InSe and 〈I〉InSe (t = 2÷3 weeks) at 77 K enabled
us to determine the changes of Eex (toward high-energy
values) and H that were induced by the iodine sorption
(Table 1).

As was marked above, the iodine vapor pressure al-
lowed iodine atoms to be introduced into the crys-
talline matrix (into the van der Waals gap) of GaSe
and InSe, which gave rise to a considerable modifica-
tion of optical properties of initial crystalline matri-
ces. It is worth noting that the nonmonotonous be-
havior of ΔEex(t) and ΔH(t) was already observed
for hydrogen- [9, 10], alkaline- [11], and alkaline-earth-
intercalated [12, 13] GaSe and InSe. The correspond-
ing explanations were put forward on the basis of the
ideas concerning the influence of a deformation (in par-
ticular, the intercalation) on the energy spectrum recon-
struction in a layered crystal. In the general case, a
shift ΔEex(t) toward the high-energy region was asso-
ciated with the variation of the energy gap width Eg

occurred as a result of interlayer and in-layer distor-
tions which are characterized by different signs of the
deformation potential [9–13]. The reverse variation of
the dependence ΔEex(t) for 〈I〉GaSe compound stems
from a variety of factors which were specified in works
[9–13]. There is a modern explanation for the param-
eter ΔEex change in GaSe and InSe at introducing io-
dine [14]. The appearance of an iodine atom in the van
der Waals gap generates the interlayer pressure. As a
result, the interlayer lattice parameter c increases with

the intercalation time. In our case, when 〈I〉GaSe and
〈I〉InSe compounds were obtained following the sorption
method, as well as in works [10, 14], a shift of the exci-
ton maximum ΔEex at 77 K with growing t may prob-
ably originate from an increase of the crystal dielectric
constant ε, when iodine appears in the van der Waals
gap.

To explain the variation of the parameter ΔH in time
t, the following circumstance should be taken into con-
sideration. When atoms are introduced into the crys-
tal, then, owing to a chaotic arrangement of intercalant
atoms, the potential reliefs in intercalates 〈I〉GaSe and
〈I〉InSe become less periodic than those in initial crys-
tals (it affects the exciton dispersion [15]). The ex-
citon radius decreases at that, which suppresses, to
some extent, the processes of fluctuation relief aver-
aging. It is the reasons indicated above that are re-
sponsible for a change of ΔH in the course of sorp-
tion.

To explain the results of our experimental measure-
ments of the optical spectra of 〈I〉GaSe and 〈I〉InSe
compounds after holding them in air for 21 days (Ta-
ble 1), the following peculiarity of the anion intercala-
tion into layered crystals is to be noted. It consists in
that, when anions, in general, and iodine ions, in par-
ticular, are introduced, an electric incompatibility be-
tween the initial crystal and the introduced impurity
manifests itself. The essence of this incompatibility is
as follows. Since the structure of layered A3B6 crys-
tals looks like a stack of nanolayers (–BAAB–BAAB–),
with the stack being oriented along the c-axis of the
hexagonal lattice, chalcogene atoms that are located
along the edges of every nanolayer slightly attract the
electron cloud to create a certain negative charge dis-
tributed along the van der Waals gap. Therefore, io-
dine atoms, when penetrating into the interlayer space
of the crystal, cannot form a stable bond with the ma-
trix and try either to leave the crystal or to fix them-
selves at charged defects of the crystal structure of a
specimen. The incompatibility between the intercalant
and the matrix results in that a certain deintercala-
tion is observed, provided that no new ions are sup-
plied.

T a b l e 1. Changes of the excitonic maximum energy
position ΔEex and the excitonic band half-width ΔH for
〈I〉InSe

Intercalation time ΔEex, meV ΔH, meV
pure InSe 1.3275 3.8

〈I〉InSe, t = 2 weeks 1.3305 4.6
〈I〉InSe, t = 3 weeks 1.3283 5.1

1212 ISSN 2071-0194. Ukr. J. Phys. 2010. Vol. 55, No. 11



STUDIES OF InSe AND GaSe LAYERED CRYSTALS

Fig. 5. Frequency dependences of the real, Z′ (a), and imaginary, Z′′ (b), components of the impedance of non-intercalated GaSe (1 )
and GaSeIx intercalated with iodine for 1 (2 ), 2 (3 ), 3 (4 ), 4 (5 ), and 5 weeks (6 )

3.2. Researches of 〈I〉GaSe impedance

In the frequency dependences of the real and imaginary
impedance components, two linear sections with differ-
ent slope angles and a transient section are observed in
the studied frequency range. Such a situation takes place
for both the initial GaSe specimen and all 〈I〉GaSe spec-
imens intercalated for different times. A transition from
the first to the second dispersion sections corresponds
to the maximum in the frequency dependence of the
imaginary component Im(z) of the complex impedance
(Fig. 5). The sections are connected in parallel in an
equivalent circuit, and each section corresponds to an
individual dispersion process (Fig. 6). In Fig. 6, CPE1
is a constant phase element, the impedance of which cor-
responds to the following expression:

ZCPE = 1/[Y0(jω)n], (1)

where Y0 is a frequency-dependent factor, and n is
a power exponent that governs the character of the
impedance frequency dependence. At n = 1 and 0,
the element CPE transforms into ordinary elements with
lumped RCL-parameters. At n < 1, it describes a
frequency-dependent lumped element C(ω). When de-
veloping this model, we took into consideration that
both contacts are symmetric, and the model struc-
ture consists, therefore, of two major components: the
impedance of a bulk material and the impedance of con-
tact barriers which are responsible for two semicircles in
the Nyquist diagram (Fig. 4) in the high- (in the inset)
and low-frequency regions, respectively.

Fig. 6. Equivalent circuit

Proceeding from the basic principle of the impedance
simulation, which reduces the analysis to the flux (cur-
rent) simulation, the physical content of the model was
interpreted as an image of simultaneous parallel phenom-
ena. In the frequency range 0.1–100 Hz, the dispersion
process corresponds to the near-contact barrier capac-
ities with the curve slope of about 0. Accordingly, it
can be presented as a parallel connection of capacitance
C1 and resistance R1 which reflect the influence of a
parasitic capacitance (between two planes of the mea-
suring electrodes) and a resistance corresponding to the
bulk electronic conductivity, respectively. The second
section at frequencies 102–104 Hz corresponds to a elec-
troneutral specimen volume. It has different slope angles
at different intercalation times; accordingly, its equiva-
lent circuit consists of dispersion capacitance CPE1 and
resistance R2 which take the inhomogeneity of the in-
tercalant distribution during the intercalation into ac-
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T a b l e 2. Variations of equivalent scheme element parameters during intercalation

Intercalation time R1, Ω C1, F Y0, cm · s n R2, Ω

pure GaSe 5.7609× 107 1.569× 10−17 2.5858× 10−11 0.9263 17544
1 week 3.2143× 108 8.72× 10−18 1.8742× 10−11 0.94017 12455
2 weeks 1.3275× 108 7.437× 10−17 4.6574× 10−11 0.87874 10765
3 weeks 3.069× 106 3.849× 10−11 5.1312× 10−12 1.1 37536
4 weeks 5.8082× 107 1.0117× 10−11 2.1369× 10−11 0.92594 0.72874
5weeks 1.6524× 1019 2.0416× 10−12 1.8615× 10−10 0.80975 0.14529

count. The elements CPE1, for which n ≈ 0.5, simulate
an impedance for ideal diffusion, and those, for which
0.5 < n < 1, an impedance for deformed diffusion. At
0 < n < 0.5, CPE1 describes the impedance of a pure
or distributed resistive element. The key impedance pa-
rameters for the examined specimens are quoted in Ta-
ble 2.

Hence, the impedance researches carried out in the
frequency range 10−1−104 Hz testify that no additional
mechanisms of charge carrier transport are observed in
GaSe specimens intercalated with iodine. The corre-
sponding conductivity changes can be associated with
increase in the through conductivity which plays a cru-
cial role in the relaxation process [16,17]. The frequency
dependence of the impedance was used to draw an equiv-
alent circuit which revealed the presence of two different
regions: a bulk part of specimens and a barrier part
near the contacts. The regions are characterized by dif-
ferent time constants of relaxation processes owing to a
probable inhomogeneous distribution of the introduced
intercalant.

3.3. Properties of 〈I〉GaSe-based
heterojunctions

To fabricate an isotype heterojunction 〈I〉GaSe–GaSe,
the lower part of a GaSe specimen was immersed into
liquid-like iodine during the intercalation process. Ow-
ing to a specificity of the chosen intercalation technique,
a considerable inhomogeneity of the introduced impu-
rity distribution over the crystal volume was observed.
For GaSe, it was found that the penetration of the im-
purity into the matrix layers that were immersed into
liquid-like iodine occurred much more intensively than
that into the rest semiconductor volume. To confirm it,
the upper and lower parts of intercalated crystal were
cleaved off.

Hence, if this intercalation technique is used, near-
surface layers enriched with iodine are formed. There-
fore, the obtained system can be regarded as an isotype
homojunction 〈I〉GaSe–GaSe. Its inner potential bar-
rier is caused by a shift of the Fermi level in 〈I〉GaSe

toward the energy gap midpoint (due to the compensa-
tion of charge carriers in the semiconductor matrix) in
comparison with the Fermi level position in GaSe. For
the intercalates obtained, we studied the temperature
dependences of current-voltage characteristics (IVCs) in
the temperature range 243−290 K, the capacity-voltage
characteristics (CVCs) at frequencies of 100, 250, and
500 kHz, and the spectral dependences of a photocur-
rent. The researches were confined from above by a tem-
perature of 290 K, because of a considerable iodine dein-
tercalation at higher temperatures (the phenomenon of
thermally stimulated deintercalation). For intercalated
crystals, the structures of intercalated and pure gallium
selenides created by the optical contact bonding method
[18] were additionally studied.

In Fig. 7, the temperature dependences of forward
IVC branches of gallium monoselenide intercalated with
iodine (a) and the 〈I〉GaSe–GaSe optical contact (b) are
exhibited. Both structures revealed pronounced diode
properties. For instance, the rectification factor k was
about 300 and 1000, respectively, at the bias voltage
V = 2 V. Figure 7 demonstrates that the initial sections
of IVCs at low biases are affected by shunt currents.
At voltages V > 0.1 V, the slope of linear sections in
the dependences for the optical contact 〈I〉GaSe–GaSe
(Fig. 7,b) changes with temperature, and the diode co-
efficient n = 2.4 determined from those slopes testifies
to the existence of a tunnel-recombination component in
the charge transfer mechanism. The absence of a similar
section in the IVC of iodine-intercalated gallium monose-
lenide (Fig. 7,a) is evidently associated with a junction
“smearing” in the structure. At high current densities,
the IVCs deviate from the linear law for both types
of structures under consideration, mainly reflecting the
charge transfer through the series resistance rather than
the actual mechanism of current flow through the poten-
tial barrier.

In Fig. 8, the spectral dependence of the relative quan-
tum efficiency of the phototransformation for gallium se-
lenide intercalated with iodine is shown. One should pay
attention to the absence of a short-wave decay which is
usually related to surface states and an increase in the
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Fig. 7. IVCs of iodine-intercalated gallium selenide (a) and the GaSe〈I〉–GaSe optical contact (b) at various temperatures: T = 243

(1 ), 262 (2 ), and 290 K (3 )

surface recombination rate [19]. This evidences the in-
ertness and the stability of the semiconductor surface
with respect to iodine. At the same time, the behav-
ior of the long-wave photoresponse edge is governed by
the following circumstance. The appearance of iodine
in the van der Waals gap leads to a nonzero interlayer
pressure. As a result, the interlayer lattice parameter
grows, which was experimentally observed in researches
on the hydrogen intercalation into InSe and GaSe lay-
ered crystals [9]. Taking the specificity of the gallium
selenide crystalline structure, one can assert that the
intercalant stimulates a substantial increase of deforma-
tion stresses in the layered crystal. At the same time,
the near-band-edge photoresponse peak has to be easily
registered in perfect GaSe crystals at room temperature.
Instead, in low-quality defect crystals, the fine structure
of exciton absorption spectra is not observed, which is
characteristic of Fig. 8. Such a confrontation points to
the mechanism of processes that take place in gallium
selenide layered crystals at the intercalation with iodine.

To confirm that a potential barrier does exist in the
structures concerned, we measured their CVCs. The
linearity of frequency CVCs for the optical contact
〈I〉GaSe–GaSe testified to a sharp character of the junc-
tion formed (see the inset in Fig. 8). The value of
built-in potential was determined analogously to work
[20] and was found to be about 1.2 eV. For the other
type of structures under investigation, a different sce-
nario was observed. The presence of a wide transi-
tion region between the iodine-intercalated and non-
intercalated parts of GaSe semiconductor distorted the
CVC linearity. During a month, the studied structures

Fig. 8. Spectral dependence of the relative quantum efficiency
for the photoconversion in GaSe intercalated with iodine. (inset)
CVCs of the optical contact GaSe〈I〉–GaSe at various frequencies

demonstrated a degradation of their rectification param-
eters, which is related to the iodine deintercalation. For
instance, the parameter k decreased by two orders of
magnitude. However, the hermetization of specimens
with an epoxy compound allowed us to preserve all the
parameters invariable in time.

4. Conclusions

In this work, we have studied GaSe and InSe compounds
intercalated in iodine vapors. This intercalation tech-
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nique is found applicable to affect physical characteris-
tics of the intercalation matrix. The scheme of 〈I〉GaSe
intercalate substitution is developed, and changes in the
parameters of equivalent circuit elements during the in-
tercalation are examined. A possibility to create isotype
heterojunctions on the basis of 〈I〉GaSe is analyzed.
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Translated from Ukrainian by O.I. Voitenko

ДОСЛIДЖЕННЯ ШАРУВАТИХ КРИСТАЛIВ GaSe ТА InSe,
IНТЕРКАЛЬОВАНИХ У ПАРАХ ЙОДУ

З.Д. Ковалюк, В.Й. Дуплавий, М.М. Пирля, В.В. Нетяга,
О.М. Сидор

Р е з ю м е

Отримано йоднi iнтеркаляти шаруватих кристалiв GaSe та
InSe. Для 〈I〉GaSe та 〈I〉InSe проведено дослiдження екситон-
них спектрiв пропускання при 77 К. Встановлено, що в про-
цесi сорбцiї йоду вiдбувається змiщення енергетичного поло-
ження екситонного максимуму i пiвширини екситонної смуги,
при цьому для 〈I〉GaSe змiщення мають немонотонний хара-
ктер. Для 〈I〉GaSe дослiджено частотнi залежностi iмпедан-
су та побудовано еквiвалентну схему. На основi 〈I〉GaSe ство-
рено iзотопний гетероперехiд, дослiджено вольт-ампернi та
вольт-фараднi характеристики, а також спектральнi залежно-
стi квантової ефективностi фотоперетворювача.
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